Nuclear protein peptidyl-prolyl isomerase Pin1-mediated prolyl isomerization is an essential and novel regulatory mechanism for protein phosphorylation. Therefore, tight regulation of Pin1 localization and catalytic activity is crucial for its normal nuclear functions. Pin1 is commonly dysregulated during oncogenesis and likely contributes to these pathologies; however, the mechanism(s) by which Pin1 catalytic activity and nuclear localization are increased is unknown. Here we demonstrate that mixed-lineage kinase 3 (MLK3), a MAP3K family member, phosphorylates Pin1 on a Ser138 site to increase its catalytic activity and nuclear translocation. This phosphorylation event drives the cell cycle and promotes cyclin D1 stability and centrosome amplification. Notably, Pin1 pSer138 is significantly up-regulated in breast tumors and is localized in the nucleus. These findings collectively suggest that the MLK3-Pin1 signaling cascade plays a critical role in regulating the cell cycle, centrosome numbers, and oncogenesis.
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breast cancer | JNK P eptidyl-prolyl isomerase Pin1 plays a critical role in regulating cellular homeostasis by isomerizing the prolyl bond preceded by a phosphorylated Ser or Thr residue (pSer/Thr-Pro) (1) . This isomerization by Pin1 regulates the biological function of several target proteins, including cell-cycle regulators, protooncogenes, tumor suppressors, and transcription factors (2) . Due to its role in controlling the cell cycle, apoptosis, growth, and stress responses, Pin1 has been linked to the pathogenesis of human diseases, including cancer (3, 4) , asthma (5), Alzheimer's disease (AD) (6) , and Parkinson disease (PD) (7) . It is thus quite likely that tight regulation of Pin1 catalytic activity or expression is important for normal physiology. It is reported that Pin1 is overexpressed in most types of cancer (8) , whereas its expression is diminished in AD brains (2) .
Accumulating evidence suggests that Pin1 isomerase activity and thus function are regulated by posttranslational modifications (2) . Pin1 function is also dependent on its predominant nuclear localization (2), consistent with its substrates being involved in transcription and cell-cycle progression. It was recently reported that Pin1 nuclear import is regulated by a novel nuclear localization sequence in the PPIase domain, composed of basic amino acids (9) . Nonetheless, the detailed mechanism that regulates Pin1 nuclear translocation is still not known. It also remains unknown whether any posttranslational modification of Pin1 can regulate its nuclear translocation or catalytic activity, and therefore directly affect its function.
Mixed-lineage kinase 3 (MLK3) is a novel member of the MAP3K superfamily (10, 11) , and contains signature sequences of both Ser/Thr and Tyr kinases in the catalytic domain (11) . The physiological functions of MLK members, including MLK3, are not fully understood. Recently, MLK members were implicated in PD (12) , but the specific function of individual MLK members in PD and other diseases is still unknown. The role of MLK family members in cancer has just started to emerge. We have shown regulation of MLK3 activity and downstream signaling in breast cancer cells by estrogen (13) and involvement of MLK3 in gastric cancer cell migration (14) . Despite an established role for MLK3 (15) and Pin1 (16) in cell-cycle progression, a detailed mechanism is yet to be explored.
Here we show that endogenous MLK3 associates with and uniquely phosphorylates S138 within the PPIase domain of Pin1. Phosphorylation at this site increases Pin1's catalytic activity and nuclear localization, promoting cell-cycle progression and centrosome amplification. Consistent with these data, nuclear Pin1 pS138 is increased in human breast tumor samples. Our results identify an upstream kinase that regulates the catalytic activity, nuclear translocation, and function of Pin1, and likely contributes to oncogenesis.
Results

MLK3
Associates Strongly with Pin1. Given that both Pin1 and MLK3 are necessary for cell-cycle progression, we assessed whether endogenous Pin1 and MLK3 interacted in breast cancer cell lines. We observed that both endogenous proteins interacted robustly in all cell lines tested (Fig. 1A) . MLK3 is a 97-kDa protein, and contains an SH3 domain, kinase domain, LZ domain, and a long C-terminal domain (Fig. S1 ). As these domains have distinct functions (17, 18) , we mapped the Pin1 interaction site to the C-terminal domain of MLK3, whereas the other regions failed to interact with Pin1 (Fig. 1B) . In addition, we also mapped the Pin1 domain that interacts with MLK3. Pin1 primarily contains an N-terminal WW domain, which reportedly interacts with substrates, and a C-terminal PPIase domain, which is necessary for isomerase activity (Fig. S1 ). Quite contrary to the reported function of the WW domain of Pin1 for substrate interaction, we observed that the Pin1 PPIase domain interacted robustly with MLK3, whereas the WW domain failed to interact ( Fig. 1 C and D) , confirming that the MLK3 C-terminal domain specifically interacts with the Pin1 PPIase domain. MLK3 Phosphorylates Pin1. The interaction between MLK3 and Pin1 ( Fig. 1) suggests a mutual regulatory relationship. Somewhat unexpectedly, we observed a strong phosphorylation of bacterially expressed Pin1 by kinase-active MLK3 ( Fig. 2A) . Given that we observed interaction between MLK3 and the Pin1 PPIase domain, we examined any phosphorylation of this domain by highly purified MLK3. As shown in Fig. 2B , MLK3 phosphorylated the PPIase domain, but not the WW domain. The phosphorylation of the isolated PPIase domain, however, was less than that of the full-length Pin1 protein, suggesting that there could be another MLK3 phosphorylation site(s) specifically targeted in the full-length Pin1 protein.
Next, we identified the precise location of the Pin1 phosphorylation site by mass spectroscopy. These studies revealed that the S138 residue in the PPIase domain of Pin1 was phosphorylated by MLK3 in vitro ( Fig. 2 C and D) . Mutant Pin1 (S138 to A) was almost 10-to 12-fold less phosphorylated (Fig.  2C) , and tryptic peptides containing A138 were absent after in vitro phosphorylation of mutant Pin1 protein (Fig. 2D) . We further verified phosphorylation of the S138 site on Pin1 by using purified anti-pS138 antibody. The specificity of the antibody was tested by using in vitro phosphorylated Pin1, either by purified MLK3 (Fig. S2, lane 2) or by MLK3 protein expressed in mammalian cells (Fig. S2, lane 3) . In both cases, the antibody recognized phosphorylated Pin1 WT and not Pin1 S138A mutant protein. In the mammalian cells, basal S138 phosphorylation of exogenous wild-type Pin1 was increased upon overexpression of kinase-active (Fig. 2E, lane 2) but not -inactive (Fig. 2E, lane 3) MLK3. Conversely, recombinant mutant Pin1 S138A protein was not recognized by this antibody under similar conditions (Fig. 2E,  lanes 4-6) . These results collectively show that MLK3 phosphorylates Pin1 on S138, both under in vivo and in vitro conditions, and can be specifically detected by our anti-Pin1 pS138 antibody.
Phosphorylation of Pin1 Is Necessary for Its Interaction with MLK3.
Pin1 interacts with its substrates in a phosphorylation-dependent manner; however, how phosphorylation of Pin1 might affect its interaction with upstream kinases is not known. To determine the interaction between phosphorylated Pin1 and MLK3, mammalian cells were transfected with Pin1 WT, S138A, or S138E, along with WT MLK3. As shown in Fig. 3 , Pin1 WT and S138E interacted strongly with MLK3, which was minimal with phospho-deficient Pin1 S138A. Interestingly, the interaction between phospho-mimetic Pin1 S138E and MLK3 was highest (Fig. 3A) , which was reconfirmed by reverse immunoprecipitation (Fig.  3B ). These results demonstrate that phosphorylation of the Pin1 S138 site is necessary for a strong interaction with MLK3.
MLK3-Induced Phosphorylation of Pin1 Increases Its Catalytic Activity and Nuclear Translocation. The biological impact of MLK3-mediated phosphorylation of the Pin1 S138 site is unknown. To determine whether this phosphorylation affected Pin1 PPIase activity, recombinant WT, S138A, and S138E mutant Pin1 proteins were expressed in Pin1-null (Pin1 −/− ) murine embryonic fibroblasts (MEFs) prior to a protease-coupled isomerase assay (19) . Our results show that Pin1 S138E was about fourfold more active compared with WT, whereas the activity of the S138A mutant was diminished about twofold (Fig. 4A ). The catalytic activity of Pin1 WT and S138A mutant proteins was also measured upon in vitro phosphorylation by purified MLK3. Again the activity of Pin1 WT was increased by MLK3, whereas that of the S138A mutant was about fourfold lower ( Fig. 4B) . These results clearly demonstrate that MLK3-mediated phosphorylation of S138 increases Pin1 isomerase activity.
We next examined whether phosphorylation of Pin1 by MLK3 somehow regulates its nuclear translocation. GFP-tagged Pin1 WT, S138A, and S138E vectors were either expressed alone (Fig.  4C ) or in combination with MLK3 ( Fig. 4D ) in HeLa cells. The nuclear and cytoplasmic fractions from these cells were prepared and blotted for GFP-Pin1. Interestingly, the Pin1 S138E mutant was highly enriched in the nuclear fraction in the absence ( Fig. 4C and Fig. S3A ) or presence ( Fig. 4D and Fig. S3B ) of MLK3. Pin1 WT or S138A proteins were normally enriched in the cytoplasm in the absence of MLK3 ( Fig. 4C and Fig. S3A ). However, upon MLK3 coexpression, Pin1 WT translocated to the nucleus, whereas the S138A mutant was still mostly in the cytoplasm ( Fig.  4D and Fig. S3B ). We also examined the localization of Pin1 phospho mutants in HeLa cells by confocal microscopy. As shown in Fig. 4E , the S138E mutant was primarily in the nuclear compartment, compared with the S138A mutant. Taken together, these results strongly suggest that phosphorylation of Pin1 by MLK3 promotes its translocation to the nucleus.
Pin1 Phosphorylation by MLK3 Promotes Cell-Cycle Progression. Pin1 has been shown to control cell-cycle progression and is required for G2/M transition (16) . To know whether Pin1 phosphorylated at S138 altered cell-cycle progression, HeLa cells transfected either with GFP-Pin1 WT, S138A, or S138E vectors were synchronized at G1/S by double-thymidine block and then released into the cell cycle by addition of serum for 5 h. As shown in Fig.  5A , in the GFP-positive (i.e., transfected) population, cells expressing the Pin1 S138A mutant had the fewest numbers of cells in G2/M phase (13.3%), compared with cells transfected either with S138E (30.1%) or wild type (23.4%). Notably, cells transfected with the phospho-mimetic Pin1 S138E mutant showed the highest numbers of cells undergoing G2/M transition. To confirm further, we also measured the activity of cyclin B1-associated kinase, Cdc2, which is known to be elevated during G2/M phase of the cell cycle (20) . Cdc2 kinase activity was highest in Pin1 S138E-transfected cells (Fig. 5B) . The activity of Cdc2 was also determined indirectly by estimating the phosphorylation of Tyr15 on Cdc2, whose dephosphorylation is necessary for Cdc2 activation (21) . Cdc2 Tyr15 phosphorylation was significantly decreased in cells transfected with the Pin1 S138E mutant, compared with cells expressing S138A (Fig. S4) . Collectively, these results establish that the MLK3-induced phosphorylation of Pin1 is physiologically important and might perturb normal cell-cycle progression under pathological conditions. Pin1 Phosphorylation by MLK3 Regulates Cyclin D1 and Centrosome Amplification. Pin1 has been shown to positively regulate cyclin D1 stabilization (4) and expression (22) . To determine the effect of Pin1 phosphorylation on cyclin D1 levels, NIH 3T3 cells were transfected either with vector control or wild type, S138A, or S138E Pin1 expression vectors followed by determination of cyclin D1 protein stability. Cyclin D1 protein was rapidly degraded in cells expressing vector, wild type, or S138A, but was stable in cells expressing Pin1 S138E (Fig. 6A and Fig. S5A ). Consistent with its longer half-life, the promoter activity of cyclin D1 was significantly up-regulated by Pin1 S138E compared with the S138A mutant (Fig. 6B) .
Pin1 has also been reported to regulate centrosome amplification, which is necessary for proper cell division (23) . We examined whether phosphorylation of Pin1 regulates centrosome amplification during G1/S transition. NIH 3T3 cells transfected with wild type and Pin1 mutants were arrested in G1/S phase, and centrosomes and nuclei were stained with γ-tubulin and DAPI, respectively, before counting. WT Pin1 overexpression caused centrosome amplification, which was partially blocked by Pin1 S138A but enhanced by the S138E mutant ( Fig. 6C and Fig. S5B ), suggesting that MLK3-induced phosphorylation of Pin1 promotes genomic instability via dysregulation of centrosome division.
Phosphorylated Pin1 Is Elevated in Breast Tumors and Localized in the
Nucleus. Role of phosphorylated Pin1 in the development of breast or other types of cancer is not known. To probe this important question, we blotted extracts from primary breast tumors and control normal breast tissues with our Pin1 pS138 antibody. Pin1 expression was up-regulated in almost all of the breast tumors examined (Fig. 7A and Fig. S6B) ; therefore, Pin1 total protein expression in tissue lysates was normalized between each pair (tumor and normal) and blotted with Pin1 pS138 antibody. Expression of Pin1 pS138 was significantly up-regulated in tumors, compared with matching normal breast tissues (Fig. 7A,  normalized expression lanes) . Interestingly, MLK3 protein was also up-regulated specifically in tumors (Fig. 7A and Fig. S6A) , showing that both Pin1 pS138 and MLK3 proteins are up-regulated in breast tumors.
To understand the physiological significance of nuclear Pin1 pS138 in breast tumorigenesis, we examined expression of Pin1 pS138 in two breast cancer tissue microarrays. The first array contained 50 paired breast carcinomas and adjacent normal breast tissues, and the second array contained 72 breast tissue samples at different stages of breast cancer progression (i.e., progression array). These arrays were stained with Pin1 pS138 antibody and the levels of Pin1 pS138 were scored. Overall, the data indicated that Pin1 pS138 was significantly higher (P ≤ 0.0001) in carcinomas in general (Fig. 7 B and C) , and localized primarily in the nuclei as puncta (Fig. 7D) . The differential expression of Pin1 pS138, in normal and benign tumor samples, was statistically significant (P ≤ 0.0001); however, differences between benign and cancer samples were not statistically significant (Fig. 7C) . These results suggest that possibly Pin1 is phosphorylated by MLK3 on Ser138 during the early stages of breast cancer.
Discussion
Pin1 regulates large numbers of phospho proteins having diverse cellular functions, including in the cell cycle, cell transformation, and apoptosis. Therefore, tight regulation of Pin1's catalytic activity is likely important to maintain normal homeostasis. Despite the importance of Pin1 in regulating various cellular pathways, the precise mechanism that regulates Pin1 catalytic activity is currently unknown. Here we demonstrate that an MLK family member, MLK3, increases the catalytic activity and downstream signaling of Pin1 via direct phosphorylation of the S138 residue in the PPIase domain. Interestingly, Pin1 pS138 was highly enriched in the nuclei of breast tumors, where many relevant Pin1 targets reside. Phosphorylation of Pin1 on S138 also promoted G2/M cell-cycle progression, cyclin D1 stability, and centrosome amplification. It was reported that MLK3 resembles never in mitosis A (NIMA) protein within its noncatalytic domain and that MLK3 activity was increased during G2/M transition (15) . Because both Pin1 and MLK3 can regulate the cell cycle, we therefore decided to examine any functional interaction between Pin1 and MLK3 in breast cancer cell lines. The interaction between the C-terminal domain of MLK3 and Pin1 was robust (Fig. 1B) , and the PPIase domain of Pin1 interacted strongly with MLK3 whereas the WW domain failed to show any interaction ( Fig. 1 C and D) . These results were surprising, given the fact that most Pin1 substrates interact through the WW domain (2) . Nevertheless, our observation is supported by a recent crystal structure of Pin1 showing two possible β1/α1 flexible domains, indicating that both the WW and PPIase domains can bind to its substrates (2). Our initial assumption was that Pin1 binding might regulate the kinase activity of MLK3, due to Pin1's known role in altering the catalytic activity of several enzymes (1). Our repeated attempts with either overexpression or knockdown of Pin1 in mammalian cells failed to yield any alteration of MLK3 activity. To explore any potential impact of MLK3 on Pin1, we examined whether MLK3 phosphorylates Pin1. Indeed, kinase-active MLK3 specifically phosphorylated bacterially expressed Pin1 protein in a dose-dependent manner ( Fig. 2A) , on the Ser138 site in the Pin1 PPIase domain (Fig. 2 C and D) , in vitro (Fig. 2B) , and in vivo (Fig. 2E) . Pin1 has been shown to be posttranslationally modified via phosphorylation by PKA (2), PLK1 (2), and PKMζ (24) . However, no posttranslational modification of Pin1 has been reported to increase its catalytic activity. Our result demonstrates that MLK3-induced phosphorylation of the Pin1 S138 site can induce Pin1's catalytic activity (Fig. 4 A and B) . We also observed that Pin1 protein was significantly enriched in nuclear fractions in the presence of kinase-active MLK3 (Fig. 4D) and that the Pin1 S138E mutant was primarily localized in the nuclei (Fig. 4 C-E ). This S138E mutant was further enriched in the nucleus upon MLK3 overexpression (Fig. 4D) , suggesting that perhaps Pin1 contains an additional MLK3 phosphorylation site (s) that is necessary for complete nuclear localization.
Pin1 has also been shown to control cell-cycle progression and is required for G2/M transition (16) . It was thus conceivable that any change in Pin1's catalytic activity might impact on the cell cycle. Indeed, our results suggest that MLK3-induced phosphorylation of the Pin1 S138 site promotes G2/M transition (Fig.  5A) . Pin1 targets various cell-cycle regulatory proteins, including cyclin D1 (22) . Interestingly, Pin1 and cyclin D1 knockout animals show similar phenotypic characteristics, suggesting a functional cross-talk between these two proteins (4). Pin1 levels have been reported to be correlated with cyclin D1 mRNA and protein levels in human cancer tissues (3, 22) . Moreover, Pin1 can activate the cyclin D1 promoter via binding to phosphorylated cJun (22) and β-catenin (25) . Because MLK3 specifically activates JNK (10), it is conceivable that MLK3 might induce cyclin D1 expression by two means: (i) via activating the JNK/c-Jun axis and (ii) by activating the Pin1/c-Jun axis, ultimately increasing cyclin D1 transcription. Indeed, we observed that Pin1 S138E increased the promoter activity (Fig. 6B ) and protein stability (Fig. 6A and Fig. S5A ) of cyclin D1. Proper duplication of centrosomes is an essential step for appropriate cell division (26) , and centrosome multiplication is seen in many cancer tissues (26) . Pin1 has been linked to centrosome duplication, where overexpression of Pin1 caused multiplication of centrosomes and genome instability (23) . Our data showed that phosphorylation of Pin1 by MLK3 promotes centrosome multiplication, which was partially blocked by Pin1 S138A (Fig. 6C and Fig. S5B ). Collectively, these results point toward a strong possibility that MLK3-induced phosphorylation of Pin1 could promote oncogenesis. This notion was supported by the fact that Pin1 pS138 levels were increased in the nuclei of breast cancer tissues (Fig. 7 B-D) . In breast cancer tissue microarrays, there was a significant difference in Pin1 pS138 expression between normal and cancer tissue, although there was no statistically significant difference between benign and cancer samples. These results suggest that MLK3-induced phosphorylation of Pin1 could be an early event in oncogenesis, a notion that was also suggested previously for Pin1 (3) .
Based on our current data and published results, we propose a model for MLK3-induced Pin1 phosphorylation and its impact on cellular homeostasis (Fig. 8) . Upon activation of MLK3 by known agonists ceramide and TNFα (27) or other unidentified agonists, MLK3 could phosphorylate Pin1 on the S138 site (Fig.  S7 ) and promote its nuclear translocation. MLK3 is reported to specifically activate JNK in response to its agonists (27) and, thus activated, JNK could then phosphorylate its downstream targets, c-Jun and c-Fos, which are initially inactive but which upon isomerization by phospho-Pin1 in the nucleus might attain the active conformation. These activated transcription factors could act on the cyclin D1 promoter to induce its transcription. The cyclin D1 protein initially remains unstable until phospho-Pin1 in the nucleus isomerizes cyclin D1 to a stable conformation. Stabilized cyclin D1 now up-regulates Cdk activity, which ultimately promotes cell-cycle progression (Fig. 8) .
In conclusion, our data provide an insight into the role of MLK3 in Pin1 regulation via direct phosphorylation that regulates Pin1 localization and activation, leading to G2/M cell-cycle transition. Thus, it is tempting to speculate that therapeutics that target MLK3 or Pin1 could prove beneficial for a subset of cancers where the MLK3-Pin1 pathway is dysregulated.
Materials and Methods
Cell Lines and Plasmids. Breast cancer, HeLa, and Pin1 MEF cells were cultured as described previously (13, 28) . Pin1 constructs were made in pGEX and pEGFP vectors, and the deletion mutants of MLK3 were constructed in pEBG vector (SI Materials and Methods).
Recombinant Pin1 Proteins, in Vitro Phosphorylation, and Peptide Mapping. Pin1 proteins were made in bacteria, and in vitro phosphorylation of Pin1 proteins was carried out by purified recombinant MLK3 from baculovirus, as described (29) . Phosphorylated Pin1 proteins were digested with trypsin, and peptides were analyzed by 2D electrophoresis as described (30) (SI Materials and Methods).
Mass Spectroscopy Analysis and Generation of Pin1 pS138 Antibody. The bacterially expressed wild-type Pin1 was phosphorylated with purified MLK3 (29) . Phosphorylated and nonphosphorylated Pin1 were analyzed by MS for phosphorylation-site identification. Phosphorylated Pin1 S138 peptides were used to generate Pin1 pS138 antibody in rabbit (SI Materials and Methods).
Isomerase Activity Determination. Pin1 isomerase activity was determined as described (5), with slight modifications (SI Materials and Methods). S2 . Specificity of Pin1 pS138 antibody. Pin1 pS138 antibody was raised as described in SI Materials and Methods, and bacterially expressed Pin1(WT) or Pin1(S138A) proteins were phosphorylated either by purified MLK3 (lanes 2 and 5) or with immunoprecipitated MLK3 from HEK293 cells (lanes 3 and 6). These proteins were blotted with Pin1 pS138 antibody. IB, immunoblotting. . Pin1 S138 is phosphorylated by agonist-induced MLK3. Breast cancer cell lines were starved in 0.1% FBS overnight and treated with recombinant human TNF-α (50 ng/mL) for 60 min. Cell extracts were blotted with Pin1 pS138 antibody. The extracts were also blotted with MLK3 and Pin1 antibodies.
